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Microtubulesmultiple nucleopolyhedrovirus (AcMNPV) encoded protein, EXON0 (AC141), is
required for the efﬁcient transport of nucleocapsids out of the nucleus for the production of budded virus
(BV). To further elucidate the molecular mechanisms by which EXON0 regulates BV production, EXON0 was
tagged at the N-terminus with 3× FLAG–6× His. Protein complexes were isolated by tandem afﬁnity
puriﬁcation and potential EXON0 speciﬁc interacting protein partners were gel puriﬁed and identiﬁed by LC–
MS/MS. This analysis showed that the cellular protein, β-tubulin, co-puriﬁed with EXON0 which was
conﬁrmed by co-immunoprecipitation. In addition, immunoﬂuorescence showed that EXON0 and β-tubulin
co-localized during virus infection. The microtubule inhibitors colchicine and nocodazole were used to treat
AcMNPV infected Sf9 cells and results showed that BV production was reduced by over 85%. These data
suggest that the egress of AcMNPV budded virus may be facilitated by the interaction of EXON0 with β-
tubulin and microtubules.
Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.Introduction
Autographa californica multiple nucleopolyhedrovirus (AcMNPV),
the archetype of the Baculoviridae, has a 133.9 kbp genome and
encodes 154 predicted genes of 50 amino acids or greater. Exon0
(orf141) is a conserved gene found in all lepidopteran baculoviruses of
the genus alphabaculovirus. The deletion of exon0 reduces the level of
BV production up to 99% and the infection of Sf9 cells with an exon0
knockout (KO) virus is restricted to a single cell or a few neighbouring
cells. However, viral replication and polyhedra production are
unaffected, suggesting that exon0 plays a key role speciﬁc to BV
production pathway (Dai et al., 2004). EXON0 is a structural
component of both BV and ODV that localizes to the nucleocapsid
fraction. Electronmicroscopy has also revealed that EXON0 is required
for efﬁcient transport of progeny nucleocapsids from the nucleus to
the cytoplasm (Fang et al., 2007).
Baculovirus BVs enter insect and mammalian cells via adsorptive
endocytosis (Hefferon et al., 1999; Volkman and Goldsmith, 1985). The
acidiﬁcation of late endosomes activates the fusogenicity of GP64 and
results in the fusion of the viral and endosomal membranes (Blissard
and Wenz, 1992; Leikina et al., 1992; Long et al., 2006). After the
nucleocapsids are released from the endosomes, the incoming
nucleocapsids induce the formation of thick transient actin bundlesCentre, Agriculture and Agri-
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nn).
08 Published by Elsevier Inc. All rigwhich appear to facilitate the transport of nucleocapsids to the
nucleus (Charlton and Volkman, 1991, 1993; Lanier and Volkman,
1998). After the entry into the nucleus, viral transcription and DNA
replication occur in a cascade-like fashion. At late times post infection,
the progeny nucleocapsids are assembled in the virogenic stroma,
transported out of the nucleus and bud at the cytoplasmic membrane
to become BV. At very late times post infection, the progeny
nucleocapsids are retained in the nucleus, enveloped by a virally
induced intranuclear membrane and ﬁnally occluded into polyhedra
to form ODV (Williams and Faulkner, 1997). The mechanism by which
the nucleocapsids are shuttled so that they are destined to become BV
or retained in the nucleus to become ODV is unknown. Also poorly
understood is how nucleocapsids are transported from the nucleus to
the plasma membrane but our results have shown that EXON0 is
required for this process (Fang et al., 2007).
Microtubules are key components in the cytoskeleton of eukar-
yotic cells and play an important role in organelle transport, cell shape
maintenance, mitosis, motility, and cell division (Jordan and Wilson,
2004). Microtubules are highly dynamic polymers of heterodimers of
α- and β-tubulin, arranged parallel to a cylindrical axis to form tubes
of 24 nm diameter that may be many micrometers long. Microtubules
have long been implicated in viral nucleocapsid movement since their
close associationwas ﬁrst observed by electronmicroscopy (Granados,
1978; Luftig andWeihing,1975). In the last decade, the involvement of
microtubules in virus transport has been reported for a number of
viruses (Carter et al., 2003; Funk et al., 2004; Lakadamyali et al., 2003;
McDonald et al., 2002; Pelkmans et al., 2001; Seisenberger et al., 2000;hts reserved.
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speciﬁc viral proteins that interact directly with microtubules or with
microtubule motor proteins have also been identiﬁed (Alonso et al.,
2001; Elliott and O'Hare, 1998; Martin et al., 2002; Nejmeddine et al.,
2000; Ogino et al., 2003; Ward and Moss, 2004).
To further dissect how EXON0 plays its critical role in the viral
egress part of the viral infection cycle the objective of this studywas to
identify additional proteins with which EXON0 interacts. Using 3×
FLAG–6× His tandem afﬁnity puriﬁcation (TAP) and LC–MS/MS the
cellular protein β-tubulin was shown to associate with EXON0. This
interaction was conﬁrmed using co-immunoprecipitation, confocal
microscopy and microtubule inhibitor drugs. These results suggest
that microtubules may play an important role in BV production and
their association with EXON0 may facilitate the transport of
nucleocapsids from the nucleus to the plasma membrane.
Results
Construction of virus expressing TAP tagged EXON0
EXON0 has been shown to be required for the high level
production of BV and for the efﬁcient egress of nucleocapsids from
the nucleus to the cytoplasmic membrane (Dai et al., 2004; Fang et al.,Fig. 1. Identiﬁcation of β-tubulin as an interacting partner of EXON0. (A). Schematic diagram
EXON0 and exon0KO-HA-EXON0 that fused the TAP tag 3× FLAG–6× His-HA or just the HA
proteins. Sf9 cells were infected with the exon0KO-3× FLAG–6× His-HA-EXON0 (FLAG-His) or
Complexes were separated by SDS-PAGE after the single afﬁnity puriﬁcation (FLAG eluate) an
methods). The β-tubulin speciﬁc band (top arrow)was identiﬁed by LC–MS/MS. The Drosophi
the peptide fragments of β-tubulin identiﬁed by LC–MS/MS.2007). To investigate the molecular basis for these observations and to
better characterize the function of EXON0, we attempted to identify
cellular binding partners. We used tandem afﬁnity puriﬁcation (TAP)
coupled with LC–MS/MS protein identiﬁcation as it has been shown to
be very successful in and highly sensitive in identifying protein–
protein interactions (Puig et al., 2001; Rigaut et al., 1999).
The 3× FLAG–6× His TAP tag has been shown to be very efﬁcient for
purifying protein complexes in insect cells and was used in this study
(Yang et al., 2006). The exon0KO bacmid bMON14272 exon0KO was
repaired by a fusion construct of EXON0 in which the 3× FLAG–6× His
TAP tag was fused at the N-terminus of EXON0 (Fig. 1A). The titer
produced by exon0KO-3× FLAG–6× His-HA-EXON0 (3.3×108 TCID50/
ml) at 96 h post infection (hpi) was similar to exon0KO-HA-EXON0
indicating that the addition of the TAP tag did not affect the function of
EXON0 and the fusion protein could fully rescue the KO bacmid. The
fusion protein was detected at the correct size by western blot (Data
not shown).
Identiﬁcation of β-tubulin as an interacting partner of EXON0
Sf9 cells were infected with exon0KO-3× FLAG–6× His-HA-EXON0
or the control virus exon0KO-HA-EXON0 and protein complexes were
isolated at 24 hpi using 3× FLAG–6× His TAP and the results are showns of bacmid viruses that express EXON0 fusion proteins, exon0KO-3× FLAG–6× HIS-HA-
epitope tag at the N-terminal of EXON0. (B). TAP complexes associated tagged EXON0
exon0KO-HA-EXON0 (HA) and harvested at 24 hpi and subjected to afﬁnity puriﬁcation.
d double afﬁnity puriﬁcation (His eluate) followed by silver staining (see Materials and
la β-tubulin sequence is shown on the right and the bold residues of β-tubulin represent
Fig. 2. Co-immunoprecipitation of EXON0 and β-tubulin. Sf9 cells were infected with
WT AcMNPV or exon0KO-HA-EXON0 (HA) and cells were harvested at 24 hpi and
subjected to co-immunoprecipitation. Samples were separated by 10% SDS-PAGE and
analyzed by western blot. For input 0.125% of the total cell lysate was loaded, and 5% of
the immunoprecipitation (IP) eluate was loaded. The antibody used for the western
blots (WB) is shown on the left.
498 M. Fang et al. / Virology 385 (2009) 496–504in Fig. 1B. One clear speciﬁc band of approximately 50 kDa was
observed from exon0KO-3× FLAG–6× His-HA-EXON0 infected cells
compared to cells infected with the control exon0KO-HA-EXON0 virus,
The 50 kDa band was excised and subjected to LC–MS/MS for protein
identiﬁcation. It was determined that there were signiﬁcant homo-
logies between this protein and the Drosophila cytoskeletal protein β-
tubulin (GenBank AAO24999).
Co-immunoprecipitation analysis of EXON0 and β-tubulin
To conﬁrm the physical association between EXON0 and β-tubulin,
we performed co-immunoprecipitation studies. Sf9 cells were
infected with exon0KO-HA-EXON0 or with AcMNPV wild type (WT)
(strain E2) which does not express an HA epitope tagged EXON0.
Protein complexes immunoprecipitated with anti-HA agarose beads
were examined by Western blot (Fig. 2). The results showed that β-
tubulin was detected from the eluate of exon0KO-HA-EXON0 infected
cells, but not from AcMNPV WT infected cells (Fig. 2). This result
agrees with the TAP results and supports the conclusion that EXON0
interacts with β-tubulin either directly or in a complex.
Co-localization of EXON0 and β-tubulin
To further investigate the association of EXON0 with β-tubulin, co-
localization studies were performed using confocal microscopy. Sf9
cells were infected with exon0KO-HA-EXON0 and ﬁxed at 24 hpi. In
infected cells, intense ﬂuorescence is observed showing the localiza-
tion of EXON0 in the ring zone in the nucleus and also in the
cytoplasm heavily concentrated against the plasma membrane
consistent with previous observations (Fang et al., 2007) (Fig. 3A).
The β-tubulin antibody detected microtubule structures from unin-
fected Sf9 cells that predominantly extend from the perinuclear region
to the cytoplasmic periphery with very little in the nucleus (Fig. 3A). In
infected Sf9 cells at 24 hpi microtubules were predominantly detected
in the cytoplasmic fraction. In addition, microtubules were also
detected at higher levels in the infected nucleus localizing to the
virogenic stroma. This suggested that AcMNPV infection induces
reorganization or increased formation of microtubules within the
nucleus similar to what has been reported for actin (Charlton and
Volkman, 1991). EXON0 showed strong general co-localization with
microtubules in the cytoplasm but weaker co-localization in the
nucleus.
In Sf9 cells the co-localization of EXON0 with microtubules was
consistent but relatively general and it was difﬁcult to determine if
there was speciﬁc association with individual microtubule ﬁbres. To
clearly visualize the microtubule network a more ﬁbroblastic cell
type, Tn-5b1, was used to conﬁrm the co-localization of EXON0 and
β-tubulin. Analysis of the uninfected Tn-5b1 cells showed that the
network of microtubules structures were clearly visualized (Fig. 3B).
After infection with exon0KO-HA-EXON0 at 24 hpi, many cellsrounded up and the cytoplasmic volume decreased. However in a
signiﬁcant number of cells the microtubule networks remain visible
and can be clearly observed at 24 and 48 hpi. At 24 hpi when the
rate of BV production is exponential, EXON0 is observed in both the
nucleus and cytoplasm of Tn-5b1 cells but in a more distributed
pattern than in Sf9 cells. Merging of the EXON0 and Tubulin images
shows that signiﬁcant co-localization occurs at 24 hpi, both in the
nucleus and in cytoplasm and even into the cytoplasmic extensions
(Fig. 3B enlarged). At 48 hpi, after BV production has levelled off,
infected Tn-5b1 cells became rounder with fewer cytoplasmic
extensions and the microtubule ﬁlaments became shortened.
Interestingly there is less co-localization between the microtubules
and EXON0 in the nucleus but it is still observed along microtubules
in the cytoplasm particularly at the cell periphery (Fig. 3B 48 hpi,
Enlarged).
BV production in the presence of microtubule inhibitors
The results described above suggest that EXON0's mechanism of
action for BV production requires interaction with microtubules.
Therefore disruption of microtubules could have a detrimental impact
reducing BV production and disrupting EXON0 interaction. To test this
possibility infection of Sf9 cells with exon0KO-HA-EXON0 was
performed in the presence of colchicine or nocodazole which inhibit
microtubule polymerization. At 72 hpi, the BV supernatants of treated
and untreated cells were assayed by end point dilution and as shown
in Fig. 4A in Sf9 cells, the BV production in the presence of colchicine
or nocodazole showed reductions in titre that were dependent on the
concentrations of colchicine or nocodazole. The titers of BV under
10 μMcolchicine or 25 μMnocodazole showed reductions of 85.3% and
82.9% respectively compared to virus titres from untreated cells. The
same experiment was also performed in Tn-5b1 cells (Fig. 4B) and the
colchicine and nocodazole again reduced the BV production signiﬁ-
cantly. This was consistent with previously published results which
showed that 10 μM colchicine reduced AcMNPV BV production by 75%
in Sf9 cells (Volkman and Zaal, 1990). This result further supports the
conclusion that microtubules and their dynamics play a role in
AcMNPV BV production.
Co-localization of EXON0 with microtubules in the presence of
microtubule inhibitors
To determine the affect of microtubule inhibitors on the co-
localization of EXON0 and microtubules, their distribution in the
presence of microtubule inhibitors was also examined by confocal
microscopy. Sf9 cells were infected with exon0KO-HA-EXON0 in the
presence of 10 μM colchicine and the co-localization of EXON0 and β-
tubulin was monitored at 24 hpi (Fig. 5A). Comparison of the
untreated and treated cells shows that in the presence of colchicine,
microtubule integrity was impaired and showed signiﬁcant depoly-
merization in the cytoplasm (Fig. 5A). Analysis of EXON0 localization
in colchicine treated Sf9 cells shows that the double RING pattern of
EXON0 in cytoplasm and nucleus was almost completely disrupted.
Merging of the two images shows that co-localization of EXON0 and
microtubules is reduced considerably which is clearly shown in the
enlarged panels (Fig. 5A).
The colchicine experiment was repeated using Tn-5b1 cells due to
the improved microtubule resolution (Fig. 5B). In Tn-5b1cells, the
colchicine induced depolymerization of microtubules was more
signiﬁcant at 48 hpi than 24 hpi. Compared to the untreated infected
cells the colchicine treatment resulted in the complete loss of
microtubule network. Interestingly the distribution of EXON0
appeared to be signiﬁcantly affected producing aggregates in the
cytoplasm and the level in the nucleus was greatly reduced (Fig. 5B).
Some co-localization was observed at the periphery of the EXON0
aggregates and randomly throughout the cytoplasm. These results
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for the normal distribution of EXON0 during infection.
EXON0 domains required for association with β-tubulin
To determine if a speciﬁc domain of EXON0 required for the
association with β-tubulin, Sf9 cells were infected with viruses that
express point mutants of HA tagged EXON0 that have been previously
described (Fang et al., 2008). To enable high enough expression levels
of the non-functional mutant proteins they have to be expressed from
a bacmid that produces untagged WT EXON0. After co-immunopre-
cipitation (Fig. 6), β-tubulinwas detectedwith EXON0-HA, L157/A and
C231C232/AA mutants but F44F46M49, K59R65/AA, V64F69I72/AAA,
H113/A, V141V143L148/AAA reduced the association with β-tubulin.
The mutants C111/A, I116I122I126/AAA, L155F162I169/AAA,
V176L190/AA and L190/P abolished the β-tubulin association, sug-
gesting these conserved residues are critical for the association withFig. 3. Co-localization of EXON0 with β-tubulin and microtubules in infected cells. (A) Sf9 o
EXON0 was detected with a rabbit polyclonal anti-HA antibody and with Alexa 488 conjuga
tubulin monoclonal antibody and Alexa 635 conjugated goat anti-mouse IgG. Cells were visu
DAPI for nuclear visualization. The white square in (B) in the merged image is the area enlaβ-tubulin. At least one mutant in each domain, with the exemption of
the RING domain, appeared to have a signiﬁcant impact on β-tubulin
interaction suggesting they are all required for β-tubulin interactions.
Discussion
How the nucleocapsids of lepidopteran baculoviruses are trans-
ported from the nucleus to the plasma membrane to form BV is an
essential part of the baculovirus life cycle for which many aspects
remain unresolved. One component that is involved in the egress
pathway is EXON0 (AC141), a conserved structural protein of BV
nucleocapsids found in all lepidopteran alphabaculoviruses and
is required for the efﬁcient egress of nucleocapsids from the
nucleus (Fang et al., 2007). In this study we have used a TAP-tag to
identify a cellular protein, β-tubulin, that interacts with EXON0
suggesting a possible interaction with microtubules. EXON0 interac-
tion with β-tubulin was conﬁrmed by co-immunoprecipitation andr (B) Tn-5b1 cells were infected with exon0KO-HA-EXON0 and ﬁxed at 24 and 48 hpi.
ted goat anti-rabbit IgG. Microtubules and tubulin were detected with a mouse anti-β-
alized by ﬂuorescence confocal microscopy. For Sf9 cells (A) cells were also stained with
rged on the right. Bars, 10 μm.
Fig. 4.Microtubule inhibitors reduce BV production. Sf9 cells or Tn-5b1 cells were infectedwith exon0KO-HA-EXON0 in the presence of the microtubule inhibitors colchicine (0, 0.1, 1,
10, 100 and 500 μM) or nocodazole (0, 0.1, 1, 25, 100 and 500 μM) at an MOI of 10. Supernatants were harvested at 72 hpi and viral titres were determined by end point dilution assay.
The experiment shown was done in duplicate and the average titres are presented as the percentage of untreated control values.
500 M. Fang et al. / Virology 385 (2009) 496–504confocal immunoﬂuorescence microscopy which showed co-localiza-
tion with microtubules in infected cells (Figs. 2 and 3).
The subtle microtubule network structure was more clearly
visualized with Tn-5B1 cells using immunoﬂuorescence confocal
microscopy and co-localization of EXON0 with microtubules could be
observed, particularly at regions of the plasmamembrane and in some
of the cytoplasmic extensions. At 24 hpi there was also signiﬁcant co-
localization in the nucleus but it was greatly reduced by 48 hpi. As
EXON0 is a nucleocapsid protein, its co-localizationwith microtubules
supports the concept that microtubules are being utilized for
nucleocapsid egress.
Viruses are dependent on the machinery of the cell for both
trafﬁcking and transport as they are obligate intracellular parasites. As
nucleocapsids are very large structures, often greater than 500 kDa or
50 nm in length, their free diffusion is restricted in the cytoplasm
(Seksek et al., 1997; Stidwell and Greber, 2000). To overcome this
barrier viruses have developed transport mechanisms that are based
on microtubules. This strategy is common and has been employed by
many diverse groups of viruses (reviewed by Dohner et al, 2005). The
transport of baculovirus nucleocapsids on microtubules is therefore a
potential mechanism for facilitating nucleocapsid egress from the
nucleus to the plasma membrane.
The microtubule inhibitors colchicine and nocodazole demon-
strated that microtubule dynamics and integrity have a signiﬁcant
impact on BV production. These drugs inhibit polymerization of Sf9
and Tn-5B1microtubules and causednearly a log (85%) reduction in BV
yield compared to untreated cells (Fig. 4). Volkman and Zaal (1990)
reported a 0.6 log (75%) reduction in BV production in Sf21 cells treatedwith 10 μM colchicine and a delay and decrease in titre in cells treated
with taxol but no role for microtubules was attributed for virus
production. The titres were similar in drug treated and non-treated Sf9
cells at 24 and 48 hpi (Data not shown), which is also comparable to
results reported Volkman and Zaal (1990), suggesting signiﬁcant
microtubule disruption is required to inhibit BV production. The effect
ofmicrotubule inhibitors onAcMNPVBVproductionwasnot as great as
deleting EXON0, however the drug treatments do not cause a complete
depolymerization of the microtubule cytoskeletal structures (Fig. 5).
The surviving structures could provide limited transport of nucleo-
capsids accounting for the reduced level of BV observed. Similar to the
results of this study incomplete depolymerization of microtubules is
also observed in mammalian cells when treated with nocodazole.
Nevertheless reduced infection levels or a 60–85% reduction in
extracellular virus yield is observed in cells infected with viruses
known to utilize microtubules (Alonso et al., 2001; Das et al., 2006;
Naranatt et al., 2005; Ploubidou et al., 2000; Sodeik et al., 1997)
As indicated above we showed that AcMNPV infection resulted in
increased levels of β-tubulin andmicrotubules in the nucleus (Fig. 3) a
ﬁnding that has also been reported by Carpentier et al. (2008).
Reorganization of cytoplasmic microtubules due to virus infectionwas
also reported by Volkman and Zaal (1990). Although microtubules are
generally thought of as cytoplasmic structures during interphase,
nuclear tubulins and microtubules have been observed in many cell
lines and form during the M phase of the cell cycle (Menko and Tan,
1980; Ovechkina et al., 2003;Walss-Bass et al., 2002; Yeh and Ludueña,
2004). In addition, some highly conserved eukaryotic kinesin-related
motor proteins operate speciﬁcally in the nucleus (Hildebrandt and
501M. Fang et al. / Virology 385 (2009) 496–504Hoyt, 2000). Interestingly it is known that AcMNPV infection induces
cell cycle arrest at G2/M phase (Belyavskyi et al., 1998; Braunagel et al.,
1998) creating an environment that favours not only DNA replication,
but potentially, the nuclear organization ofmicrotubules. The presence
of nuclear microtubules in AcMNPV infected cells could therefore
support nucleocapsid movement to the inner nuclear membrane from
the virogenic stroma (Fig. 7).
HowEXON0 associateswithβ-tubulin andmicrotubules in infected
cells still remains to be determined. Our mutation analysis (Fig. 6) did
not identify any speciﬁc domain of EXON0 required for this interaction.
Using the Drosophila melanogaster cDNAs of α- and β-tubulin, we
investigated if EXON0binds tubulin directly via yeast twohybrids (data
not shown). The negative result, though not surprising, suggests that
EXON0 binds α- or β-tubulin and microtubules indirectly via other
viral or cellular proteins. A number of viral proteins in other systems
utilizemotor proteins for anterograde transport onmicrotubules to theFig. 5. Co-localization of EXON0 with β-tubulin and microtubule in infected cells in the pr
colchicine and infected with exon0KO-HA-EXON0 and immunoﬂuorescence confocal micros
tubulin. For nuclear localization the cells were also stained with DAPI. The white square in 24
Bars, 10 μm.cell periphery. This usually requires kinesin motors which, in humans,
encompass a super family of 45 members (Caviston and Holzbaur,
2006). Cargo that is transported by kinesin motors usually interacts
indirectly via scaffolding or adaptor proteins (Caviston and Holzbaur,
2006). However, viral proteins for the most part appear to interact
directly with kinesin subunits, such as the HSV US11 tegument protein
(Diefenbach et al., 2002; Dohner et al., 2005). US11 interacts with
conventional kinesin heavy chain and plays a major role in the
anterograde transport of nucleocapsids on microtubules in axons.
Whereas the vaccinia virus A36R protein facilitates virionmicrotubule
movement by binding to kinesin light chains (Ward and Moss, 2004).
Further studieswill be done to determine if EXON0or other baculoviral
proteins associate with kinesin.
Previous electron microscopy data (Granados and Lawler, 1981;
Williams and Faulkner, 1997) have suggested a pathway for baculo-
virus nucleocapsid egress that can be dissected into six general stepsesence of colchicine. (A) Sf9 cells and (B) Tn-5b1 were treated without or with 10 μM
copy was performed at 24 or 48 hpi as described in Fig. 3 for detection of EXON0 and β-
hpi colchicine (A) is the area enlarged and shown in the third row of images (Enlarged).
Fig. 6. Co-immunoprecipitation of EXON0 point mutants and β-tubulin. The ability of
EXON0 point mutants to co-immunoprecipitate β-tubulin was examined by infecting
Sf9 cells with the AcMNPV bacmid AcBac (WT), AcBac expressing EXON0-HA, or 12
point mutants of EXON0-HA (Fang et al., 2008). The point mutants are located in the
acidic I (AI), Charged (C), acidic II (AII), leucine zipper (Leu) or RING domains of EXON0.
At 24 hpi, cells were collected and lysed for immunoprecipitation (IP). Each lane of the
upper panel, IP input, represents 0.125% of the total cell lysate. After immunoprecipita-
tion with anti-HA antibodies, 10% of the total immunoprecipitation eluate were
analysed by Western blot (lower panel, IP eluate) using anti-HA, anti-β-tubulin
antibodies.
502 M. Fang et al. / Virology 385 (2009) 496–504(Fig. 7). These are (1) transport of nucleocapsids in the nucleus from
the virogenic stroma to the nuclear envelope; (2) envelopment of the
nucleocapsids in a nuclear membrane and movement through the
nuclear envelope; (3) formation of vesicles in the cytoplasm; (4)
nuclearmembrane-derived vesicle is lost and naked nucleocapsids are
found in the cytoplasm; (5) nucleocapsids migrate to the plasma
membrane; and (6) nucleocapsids bud from the plasma membrane.
Our data adds to this model and suggests that EXON0 facilitates the
interaction of BV nucleocapsids and microtubules enabling the
efﬁcient transport of nucleocapsids in Step 1 and Step 5 of the egress
pathway (Fig. 7). Electron microscopy has also shown the close
association of nucleocapsids with apparent microtubules (Granados,
1978; Granados and Lawler, 1981). To conﬁrm aspects of this model
future work will be required to determine the nature of EXON0
interaction with β-tubulin and microtubules.
Materials and methods
Cells and viruses
Spodoptera frugiperda Sf9 cells and Trichoplusia ni cells (BTI-Tn-
5b1) (Granados et al., 1994) were maintained in 10% foetal bovine
serum-supplemented TC100 medium at 27 °C. AcMNPV recombinant
bacmids were derived from the commercially available bacmid
bMON14272 (Invitrogen Life Technologies) and propagated in
Escherichia coli strain DH10B. The WT virus used was AcMNPV strain
E2.
Construction of 3× FLAG–6× His-tagged EXON0 and repaired virus
To tag EXON0 with 3× FLAG–6× His at the N-terminus for TAP, 3×
FLAG–6× His tag was ampliﬁed with primer 1215 (5′- GCGGAGATC-
TATGGACTACAAAGACCATGAC -3′) and 1216 (5′- GCGGAGATC-
TGCTGCCGCGCGGCAC -3′) from pCaSpeR-hs-act-Tetra tag plasmid
(Yang et al., 2006) and exon0 was ampliﬁed using primers 1213 (5′-
GCGGAGATCTTACCCCTACGACGTGCCC -3′) and 1214 (5′- GCGGA-
GATCTGTTGCGTTGCCCGTTATC -3′) by inverse polymerase chain re-
action (PCR) using p2ZeoKS-HA-exon0 (Fang et al., 2007) as a
template. The two ampliﬁed linear fragments were digested by BglII,
gel puriﬁed and ligated and transformed into DH5α competent cells.
Correct clones were conﬁrmed by restriction digestion and sequen-
cing. The resulting plasmid was named p2Zeo-3× FLAG–6× His-HA-
exon0. The correct plasmid construction of pHA-exon0 was conﬁrmed
by restriction digestion and sequencing.
To introduce exon0 into bMON 14272 exon0KO, the rescue transfer
vector was constructed using the plasmid backbone pFAcT (Dai et al.,
2004). pFAcT contains two Tn7 transposition excision sites that allow
the genes cloned between the sites to be transposed into the mini ATT
region located in the AcMNPV bacmid. p2Zeo-3× FLAG–6× His-HA-
exon0 was digested with XhoI and XbaI. The excised fragment,
containing the native late promoter of exon0, 3× FLAG–6× His-HA-
exon0 and an OpMNPV ie1 poly(A), was cloned into the XhoI and XbaI
sites of pFAcT to generate pFAcT-3× FLAG–6× His-HA-exon0. In
addition to the cloned gene of interest, the pFAcT backbone contains
AcMNPV polyhedrin, which is included in the transposed DNA cassette.
The recombinant AcMNPV bacmids containing the 3× FLAG–6× His-
HA-exon0was generated by Tn7-mediated transposition as previously
described (Luckow et al., 1993). The repaired virus was named ex-
on0KO-3× FLAG–6× His-HA-EXON0. Virus stock was prepared and
titered.3× FLAG–6× His TAP and protein identiﬁcation
Sf9 cells (3×108) were infected with exon0KO-3× FLAG–6× His-HA-
EXON0 or control virus exon0KO-HA-EXON0 (Fang et al., 2007) at amultiplicity of infectivity (MOI) of 10. The afﬁnity puriﬁcation method
was adapted from Yang et al. (2006). At 24 hpi cells were harvested
and washed with phosphate buffered saline (PBS, 137 mM NaCl,
10 mM phosphate, 2.7 mM KCl, pH 7.4), centrifuged at 800 g for 5 min.
Cells were resuspended in 2 ml lysis buffer (15 mM HEPES pH 7.6,
10 mM KCl, 0.1 mM EDTA, 0.5 mM EGTA,1 mM DTT, 1% proteinase
inhibitor cocktail (Sigma)), passed twice through a French press at
8.27 MPa (1000 psi) at 4 °C. The cell lysate was centrifuged at 18,000 g
for 10 min and the supernatant was transferred to equilibrated anti-
FLAG M2 afﬁnity beads (Sigma) and incubated overnight at 4 °C on an
orbiting platform. The beads were then transferred to Bio-Rad mini-
columns, washed once with 1 ml cold lysis buffer and 6 times with
1 ml TBS buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 0.1% Triton).
Proteinwas eluted from the FLAG afﬁnity beads with 500 μL of 300 μg/
mL 3× FLAG peptide (Sigma) in TBS. The FLAG eluate was incubated
with 50 μL Talon cobalt resin (BD Biosciences Clontech) for 1 h at 4 °C.
The resin was washed 4 times with 1 ml TBS and eluted with 300 μL
TBS containing 300 mM imidazole. The eluate was vacuum concen-
trated to 80 μL, mixedwith 80 μL 2× protein sample buffer (PSB, 0.25M
Tris–Cl, pH6.8, 4% SDS, 20% glycerol,10% 2-mercaptoethanol, 0.02%
bromophenol blue), boiled at 100 °C for 5 min, subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), silver
staining and western blot. Protein bands speciﬁc to the 3× FLAG–6×
His-HA-EXON0 were cut from the gel, subjected to in-gel digestion
and identiﬁed by Liquid Chromatography Mass Spectrometry/Mass
Fig. 7.Model for the role of EXON0 andmicrotubules in the egress pathway of BV nucleocapsids. The egress of nucleocapsids in BV pathway compromises of six major steps (Granados
and Lawler, 1981; Williams and Faulkner, 1997). (1) Transport of nucleocapsids from the virogenic stroma to the inner nuclear membrane, (2) transit of nucleocapsids through the
nuclear envelope, (3) formation of nucleocapsids containing vesicles in the cytoplasm, (4) de-envelopment of nucleocapsids, (5) migration of naked nucleocapsids to plasma
membrane, (6) budding of nucleocapsids from the plasma membrane. It is proposed that EXON0 facilitates the interaction of nucleocapsids and microtubules for the efﬁcient
transport of nucleocapsids to nuclear and plasma membranes in Step 1 and step 5 of BV pathway. VS, virogenic stroma; NE, nuclear envelope; MT, microtubules; PM, plasma
membrane.
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versity of British Columbia.
Immunoprecipitation
Sf9 cells (2×108) were infected with either WT AcMNPV E2 or
exon0KO-HA-EXON0 at a MOI of 10. Cells were lysed and subjected to
immunoprecipitation as previously described (Fang et al., 2007). To
identify the critical residues of EXON0 required for associationwith β-
tubulin, Sf9 cells were infected with WT AcBac or WT AcBac
expressing one of the point mutants of EXON0 (Fang et al., 2008),
harvested at 24 hpi.
Immunoﬂuorescence
Sf9 or Tn-5b1 cells were infected with exon0KO-HA-EXON0 using a
MOI of 10. For the microtubule inhibitor treatment, colchicine (Sigma)
and nocodazole (Sigma) were titrated in uninfected Sf9 and Tn-5b1
cells. Colchicine was effective at 10 μM in Sf9 cell and Tn-5b1 cells
which resulted in cell rounding of over 99% but less 1% mortality after
24 h incubation. For immunoﬂuorescence, cells were incubated with
10 μM colchicine (Sigma) throughout infection. At 24 and 48 hpi, the
supernatant was removed and the cells were washed three times in
PBS, followed by ﬁxation with 4% paraformaldehyde for 15 min. The
ﬁxed cells were washed three times with PBS each for 10 min,
permeabilized with 0.15% Triton X-100 for 15 min and were then
blocked for 60min in the blocking buffer (2% bovine serum albumin in
PBS). Cells were incubated with rabbit polyclonal anti-HA antibody
(1:200) (Abcam) and mouse monoclonal anti-β-tubulin antibody
(1:200) (Abcam, TU06). The cells were washed three times for 10 min
each time in blocking buffer, followed by 1 h incubation with Alexa
488-conjugated goat anti-rabbit IgG (1:500) (Molecular Probe) and
Alexa 635-conjugated goat anti-mouse antibody (1:500) (Molecular
Probes). Cells were subsequently washed three times for 10 min each
time in PBS, followed by staining with 200 ng/ml DAPI (4′, 6′-
diamidino-2-phenylindole) (Molecular Probes) and examined using a
Leica confocal Microscope. The co-localization between EXON0 and
microtubules was visualized with Imaris software (Bitplane).Western blot analysis
The protein eluates from the 3× FLAG–6× His puriﬁcation and co-
immunoprecipitation were mixed with equal volumes of 2× sodium
dodecyl sulfate PSB, and incubated at 100 °C for 5min. Protein samples
were separated by 10% SDS-PAGE and transferred to Millipore
Immobilon-P membrane with the Bio-Rad Mini-Protean II. The
membranes were probed with one of the following primary
antibodies: (i) mouse monoclonal anti-HA antibody (Covance,
HA11), 1:1000; (ii) mouse monoclonal β-tubulin antibody (Abcam,
TU-06). Horseradish peroxidase-conjugated rabbit anti-mouse sec-
ondary antibody (1:15,000) was used with the Enhanced Chemilumi-
nescence System (Amersham).
Production of budded virus in the presences of microtubule inhibitors
Sf9 cells or Tn-5b1 cells (1.0×106 cells/35 mm diameter well of a
six-well plate)were infectedwith exon0KO-HA–EXON0 atMOI of 10 in
0.3 ml TC-100 media with gentle rocking for 1 h, then virus inoculum
was removed. Cells werewashed oncewith 1ml TC-100 and incubated
in 1.5 ml TC-100 at 27 °C. For microtubule drugs treatment, cells were
incubated with 0, 0.1, 1, 10, 100 and 500 μM colchicine (Sigma) or 0, 0.1,
1, 25, 100 and 500 μM nocodazole (Sigma) for 4 h before infection and
throughout the infection. BV titers at 72 hpi were analyzed by end
point dilution method as previously described (Fang et al., 2007).
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